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SUMMAR1.

was made to deternlinewhethera safetyfuel
122°F couldbe successfullyused in a high-
enginewithoutindividualcylinderfuel-
The safetyfuelwas in~ectedintothe
by (1)the NACA injectionimpeller,(2)the

,NACA impinging-jetsnozzlebar, and (3)the standardnozzlebar.
Fuel-airratiosof the Individualcylinderswere determinedfor a
rangeof enginepowersfrom 1200 to 1800brakehorsepower.The
effectof averageftiel-airratioand combustion-airtemperature
on mixturedistributionwas studied. The distributionpatterns
producedby the variousmethodsof in~eotingsafetyfuelwere
com~ed with the resultsobtainedwhen gasolineof grade
100/130was injectedby the standardnozzlebar. Comparisonsof
the requiredmanifoldpressure,combustion-airflow,and brake
specificfuel consumptionfor-thethreemethodsof safety-fuel
in~ectionand the standardmethodof injectinggasolinewere also
made.

Satisfactorymixturedistributionof safetyfuel resulted
whe~ the NACA injectionimpellerwas used but when eitherthe
NACA impinging-jetsnc?zzlebar or the standardnozzlebar was
used,the,mixturedistributionwas unsatisfactory.Throughout
the rangeof enginepowers,averagefuel-airratio,sjand combustion-
air temperaturesinvestigated,the injectionimpellerproduced
bettermixturedistributionof safetyfuel than did the standard “
methodof i’njectirigga’sollne.The mixturedistributionobtained
with safety,fu’elinjectedby the Mjection impellerwas affected
lessby c’kmgesin e@ne-power, averagefuel-airratio,and
combustion-airtemperaturethanthat obtainedwith the other
methodsof in~ection.The poor distributionthat resultedwhen
safetyfuelwhs lnJqctedby the NACA Impinging-jetsnozzlebar
or standardnozzlebar considerablyreducedthe maximumTower
outputof the engineand restrictedthe lower limitsof the average
fuel-atiratioand combustion-airtempetitureat which the engine
~Oula operate steadily, ““
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and 1600brakehorsepowerthe requiredabsolute
and combustion-airflow rangedfrom 1.5 to 6.0 per-
threemethodsof safety-fuelinjectionthan for

the standardmethodof in~ectinggasoline. The injeotionimpeller
requiredlessmanifoldpressureand combustion-airflowthan did the
othermethodsof in~eotingsafetyfuel. The brakespecificfuel con-
sumptionat 2200brakehorsepowerfor all methodsof safety-fuel
injectionwas about6 percenthigherthan for standardinjectionof
gasoline. Idling characteristicsof the enginewith safetyfuel
were satisfactorybut startingwith the engineeitherwarm or cold
was impossiblewhen a fuelwith a flashpointof 122°F was used.
Startingwas accomplishedwith swarm engine,howeverjusing a fuel
with a flashpointof 99° F.

INTRODUCTION

The replacementof,aviationgasolinewith a fuelthatwould
reduceor eliminatethe fire hazaa in aircrafthas longbeen needed.
Gasolinejwith a flashpointof about -300F, givesoff highly
inflammablevaporsunderalmdstall climaticconditions.Low-
volatilityfuels (comonly calledsa~etyfuels)are generallyregarded
as thosefuelswith a flashpointof over 105°F; becauseof high
flashpoints,safetyfuels should reducethe firehazard. Safety
fuelswith propertiessuchas octanerating,heatingvalue,and gum
contentthat comparefavorablywith the propertiesof standard
aviationgasolinecan be manufactured.

Single-cylinderinvestigationsof safetyfuel introduceddirectly
intoa cylinderthrough an in~ectionnozzleshowedthat safetyfuel
couldbe successfullyused in a reciprocatingengineif the fuel
were properlyintroducedintothe cylinder(references1 and 2).
These investigations also showedthat the poweroutputand the
fuel economyof’the engineustng safetyfuelwas aboutequalto
that obtainedwith gasoline. If the complexitiesof a direct
cylinderfuel-in~ectionsystemare to be avoidedwhen usingsafety
fuel,the fuelmust be finelydispersedin the combustion-airstream
to facilitaterapidvaporizationof the fuel. The amountof dis-
persionnecessaryfor successfuluse of safetyfueldependsprin-
cipallyupon the temperature,the velocity,and the turbulenceof
the air streamwherethe fuel is introduced.

Two relativelysimplemethods,nsmelythe NAOA injectionimpel-
ler and the NACA impinging-~etsnozzlebar, havebeen developedby
the NACAfor injectingfuel intothe combustion-airsystembefore
the air entersthe individualintakepipes. The NACA in~ection
impeller(reference3) in@cts finelydispersedfuel intothe
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combustion-airstresmnear the impellerexit;whereasthe NACA
impinging-jetsnozzlebar introducesfinelyatomizedfuel intothe
air streamimmediatelydownstreamof the carburetor.When both these
methodswere apyliedto an 18-cylinder,radialaircraftengineusing
gasoline,the mfxturedistributionwas considerablyimprovedas com-
pared.with the distributionof the standard-nozzle-barin~ection.
The differencebetweenthe valueof the maximumand the minimumfuel-
air ratioof the enginefor a givenpowerwas reducedto aboutone-
third its valuewith the standard-nozzle-larinJection.Therewas
a possibilitythat eitherthe NACA impinging-jetsnozzlebar or the
NACA in~ectionimpellercouldproduceaatisfaotorymixturedistri-
butionwhen safetyfuelwas used. Eitherof thesem@hods would
eliminatethe need for complexindividualcylinder-in~eotion
equipment.

The threemethodsof safety-fuelinjectioninvestigatedat
the NACA Clevelandlaboratoryand reportedhereinm (1)NACA
injectionimpell?rj(2) standard.nozzlebar, and (3)NACA impinging-
Jetsnozzlebar. Fuel-air-ratioand temperature-distributionpat-
ternsare presentedfor each type of safety-fuel@jection and are
comparedwith.thepatternsobtainedwith a standardengineoperating
with gasoline. The enginewas operatedovera rangeof engine
cruisingpowersand speedsnormallyused in flight. The effeciof
averageenginefuel-airratiosand carburetor-airtemperatureson
the mixturedistributionof the safetyfuel at a low cruisingpower
is also present~d. The startingand the idlingcharacteristicsof
the enginewere also investigatedwith two safetyfuelsof different
flashpoints.

,.

A comparisonof the @ysical propertiesof
and the safetyfuelused for this investigation
the followingtable:

,,

aviationgasoline
is presente~in

..

.. . .
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Property

Grade
Tetraethyllead oontetit,
Flashpoint,olosedcup,
Distillationrange,‘F:
Initialboilingpoint
10-yercentevaporated
50-peroentevaporated
90-peroentevaporated
FinalbOil@ point

Freezingpoint,‘F

Gasoline

100/130
mljgal 4.55
oF Below -30

108
... . 141

205
255
332

Below -76
Reid vaporpressureat 1000F, lb/sqin.
Residue,copperdish,rag/100ml
Acceleratedgum content,mg/100ml
Acceleratedgum precipitate,mg/100ml
Sulfurcontent,percent
Heatingvalue,Btu/lb
~drogen-carbonratfo
Specificgravityat 60° F

7
2.0
2.3
0.2

0.o12
18740
0.166
0:719

Safetyfuel

106/139
4.63
122

320 ._
334
346
362
384

Below -76
0.1
2.0
2.0
0.6

0.0001
18650
0.165
0.782

For this investigationthe flashpointand distillationrange
are of the greatestimportance.The flashpointof a fuel is the
lowesttemperattieat whichan open flamewill flashthe fuel;this
flashpointis one indicationof the extentof the firehazardin
each fuel. The distillationtemperaturesindicatethe vaporization
characteristicsof the fueland thus providean indicationof the
easewithwhichan enginemay be expectedto startand also an
indicationof the rate of flamespread.

Investigationof the starting characteristicsof the enginewas
alsomade with anothersafetyfuelhavinga flashppintof 99° F}
which is somewhatlowerthan thatnormallyconsidereda minimumfor
fuelsclassifiedas mfety fuels. Hereinafter,the fuelwith a
flashpointof 122°F will be designatedsafetyfuel A and the
fuelwith a flashpointof 9@ F, as safetyfuel B. The Mstilla-
tion curvesof the two safetyfuelsare comparedwith gasoline
(grade100/z30)in figure1. Becausesafetyfuel B, which is a
blendof safetyfuel A, xylenejand S-4 ~fennce fuel)was used
only for startingteats,onlythe flashpointand the distillation
curve are presented

.

.

.
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MRTHOIA -OF ,g’cJELINJ3CTION
., ‘.,

NACA injectionimpeller.- A sketchofthe in~ectionimpeller
used.in this investigationis shown in figure“2. The impeller. . ,,
incorporatesfuel-injec~ion,~ssages1~16 inch in”diameter-that
disctiargeintoalternatetipeller”ati”channels.!lhefuel-injection’
passagesare slightlyinclined.’:froma radialpositiontowatithe
advancingside of the fnqjellerblade so the fueldropletsare .
struckand dispersed,bythe impeller””blade.The NACA injection-
impellerdischargesthe fuelnear the impeller.tip in a region
wherethe air is relativelyhot and the velocityis high. A w;%
completedescriptionof the injectionimpelleris given in refer-..
ence 3. . . ..,

Standardnozzlebar. - The standard”noz2Lebar ejectsfuel at
a point immediatelydownstreamof ‘thethrottlesfzmn24 orifices
locatedin the bar; as shownin figure3(a). The.fuelis discharged
from relativelylargeorificesand from lessthan half the length
of the bar with the resultthat the streamof fuel is not finely
atomizedand coversonly part of the combustion-airduct. Edh of
thesefactorslimitthe dispersionand VtLpOriZa%iOn of the fiel in
the combustion-airsystembetweenthe carburetorand the super-
chargerinlet. .-

NACA impi~irig-jetsnozzlebar. - The NAC?Aimpinging-jets
nozzlebar (fig.3(b))ejectsfuel from 16 pairsof orifices
locatedthe entirelength,ofthe bar..The orificesin each pair are
so locatedat rightanglesto each otherthat the spraysimpinge
to form a finelyatomizedmist of fuel. The largerorifices
(0.052-in.diameter)that are alongone side of the bar permit
alouttwo-thirdsof the fuel to be dischargedfrom the sideof the
bar closestto the upperportionof the superchargerimpellerin
an attemptto compensatefor the tendencyof liquidfuel to travel
towardthe lowersectionof the imp@ler.

.
Ih orderto obtainthe properfuel flowswlththe impinging-

jetsnozzlebar, the fielpumpyressure hadto be increasedfrom
the standardvalueof 17 poundsper squareinchto 25 poundsper
squareinch.

APMRATUS

.~gine and test cell. - The investigationwas made with an
18-cy%inder,double-row,radial,air-cooledaircraftenginehaving
a normalratingof 2000-brab h&sepower at 2400 rpm and a take-–
off ratingof 2200 brakehorse~owerat 2600 rpm. The enginehas a



6 NACA TN No. 1413

single-stage,gear-drivensuperchargerwith a gear
The installationof the enginein the test’cell is,

ratioof 6.06:1.
shownin figure4..

Powerwas absorbedby a hydromatic,four-ble,ded,constant-speed
pro~eller,16 feet,7 inohesin diameter,and measuredby a calibrated
torquemeterincorporatedIn the enginenose section. An in~ection-
type hydrometeringcarburetorwas used as a fuel-meteringdevice.
Combustion-airwas providedby a systemsimilarto that described
in referenoe3, and the pressureand thetemperatureat the carburetor
deckwerecontrolledby an external,system. The enginewas fitted
with a ring cowltngand cooling-airwas drawnoverthe engineby a
controllableexhaustsystem. The individualcylindersex@usted
directlyto the atmosphereth,roughrelativelyshortexhauststacks.

Instrumentation.- Temperaturesweremeasuredon”eachcylinder
at th~~ar-spark-pluggasketand exhaust-valveseat,as shownin
figure5. Throughoutthe investigation,the ekhaust-valve-seat
‘temperatureof cylindersl’,16, and 18 were not recordedbecause
of faultythermocouples.Cool~-a.ir temperaturewas measuredby
threethermocouplesequally spadedaroundthe cowlinginlet.
Combustion-airtemperaturewas measuredby threethermocouples
locatedat the”carburetorscreenimmediatelyupstreamof the
carburetor.

The fuel-airratiosof the individualoylindersw&e deter-
minedby exhaust-gasanalysis. Exhaust-gassampleswere obtained
fromthe engineexhauststacksin the mannerdesoribedin refer-
ence 3 and wera arialyzedby the NACA mixtureanalyzerdescribedin
reference4. In this investigation,the fuel-airratiowas measured
on a mill.ivoltmetercalibratedby Orsatanalysisfor each typeof
fuelused. Periodicoxygen-dilutionsurveysweremade.ofeach
cylinderto determinethe leakageof air intothe exhauststacks

‘ from the atmosphere;the fuel-airratioswere correctedfor any
oxygendilution. A maximumdilutionof 2 percent,whichgavea
fuel-air-ratiocorrectionfactorof 1.084,wae observedat an
enginepowerof 2000brakehorsepower.

The absolutemanifoldpressurewas measuredin the supercharger
collector. The carburetor-deckpessure was measuredby a static-
pressuretube at the uppercarburetordeck. Combustion-airflow
was cal+il.atedfromthe measurementof the venturi-suctiondif-
i’erentialpressureand the”,air-flowcalibrationcurveof the
carburetor.The fuelflowto the.enginewas measuredby rotameterq.
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PROOEIXJRE

Datawere takento evaluatethe mixturedistributionamng
cylinders,the temperaturevariationfrom cylinder to cylinder,
the enginemanifoldpressure, and the combustion-atrflow for a
givenengineoondition. Runswere made at four wuising pwers
and syeeds,approximatinga pnpeller load curvenormallyused in
flight, Runs at severalfuel-airratiosand combustion-airtem-
peratureswere alsomade at a low cruisingpower. The runswere
made for the standardengineusing gasolineand repeatedfor each
of the three injectionmethodsusing safetyfuel. The enginewas
operatedat the followingconditions:

Run
series

3

Engine
Tower
(bhp)

1200
1400
1600
1800

1200

Engine
speed
(m)

2000
2100
2200
2300

2000

Approximate
average
fuel-air
ratio

o●070
.082
.087
.091

Varied

Combustion-
air

tem~erature
(°F)

200
100

,-

100
100

100

. For”all

III I 1200 I 2000 I 0,068 I varied
. .

points,the existingatmosphericpressurewas maintained’
at the carburetordeck. All cyli~er tem-&matureswere corrected
to a constantcooling-airtemperatureof 500 F (amean valueof
the cooling-airtemperatures)by the metho~presentedin refer-
ence 5.

Ru~ of seriesI are hereinaftercalledthe runs at stand-
ard lowers. The fuel flow at each powerwas setwithinthe limits
specifiedby the enginemanufacturer.The cooling-airflowwas
set to llmitthe hottestrear-syark-plug-gaskettemperatureto
appznximately450°F. ,

“ In the runs of seriesII, the fuel flowwas reducedin suo-
oess,lvestepsfrom the automatic-richpositionunt5.1unstable
e~ine operationresulted. Theserunswere made with a constant
cooUng-air flow determinedby the emountof air flow required
+CIlimitthe maximumrear-spark~plug-gaskettemperatureto a value
below 450°F at a fuel-airratiogivingthe maximumtemperature’.

—
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The runsof seriesIII were made
combustion-airtemperatureobtainable
The lowesttemperaturewhen operating
nozzlebar or the standardnozzlebar

at the highestand the lowest
with the test-cellequipment.
with the NACA impinging-jets
and eafetyfuelwaf3limited

by stableengineoperationat the epecifiedfuel flow. The COOlir16-
air flowwas maintainedconstentthroughoutthis seriesof runs.

Enginestartswere investigatedby startingthe enginewith
safetyfuels A and B when the engine was warm and then when the
enginewas cold.

RESULTSAND DISCUSSION

The threemethodsof in~ectingsafetyfuelwere evaluatedby
comparingthe resulting mixture-distributionpatternswith those
produoedby the standerdnozzle-barinjectionof gasoline. Because
cylindertemperaturesare considerablyinfluencedby the fuel-air
ratio,the cylindertemperature-distributionpatterm are presented
to substantiatethe generaltrendsof the mixture-distributionpat-
terns. Becausetemperaturesare of secondaryimportancein this
investigation,temperature-distributionpatternsare showp,only
for the four standardpowers.

$t*d Powers

Mixturedistribution.- Mixture-distributionpatternsfor the
four standardpowersand enginespeeds(seriesI) are shownin
figure6. For eachpower,the distributionpatternsproducedby
the threemethodsof in~ectingsafetyfuelare comparedwith the pat-
ternsproducedby the standardnozzle-bari~ection of gasoline,
hereinafterreferredto as the standardengine. In the.standti
engine,cylinders2 to 6 generallyoperaterelativelylean and
cylinders10 to 16 operaterich;the samegeneralpatternheldfor
the rangeof powers. The spreadtn fuel-airratio (difference
betweenthe maximumand minimumfuel-airratiosof the individual
cylinders),however,tendedto iimreasewith power,the spread
being0.017,0.024,0.021,and 0.023at 1200,1400,1600,and
1800brakehorsepower,respectivel.y,in the,s*a* e~~~

.

.

When safetyfuelwas injectedat 1200brakehorsepower(fig.6(a)),
the mixture-distribution@ttern resultingfromthe use of the NACA
injectionimpellerwas similarto that producedby the standard
engine. Cylinders2 to 7 were slightlyricherthan in the standard
engineand cylinders9 to 18 were generaUy leanerthan in the
standardengine. The standardnozzlebar produoeda patternthat
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was similarto that of the standar& enginefor cylinders
whereasthe left half (cylinders10 to 18) of the engine

1 to 9,
was gen-. .

erallyconsiderablyleanerthan the standardengine. Withth: NACA
impinging-jetsnozzlebar, the righthalf of the engineoperated.
richerthan the standardengineand the lefthalf of the enginewas
much leaner. The fuel-airratiospreadsfor the NACA injection
iupeller,standardnozzlebar, and NACA impinging-jetsnozzlebar
were 0.013,0.021,and 0..026,-reepectively~a;
Ior the standardengine.

At 1400brakehorsepower(fig.6(b))with
cylinders1 and 8 to 18 o~eratedat a fuel-air
leanerthan the standardengine,which reduced

c&&ed with 0.017

the in~etitionimpeller,
ratio0.007 to 0.014
the spreadin mixture

distributionto 0.013as comparedwith 0.024for the standardengine.
The NAC!Aimpinging-jetsnozzlebar produceda very poormixture
distribution.Cylinders4 to 8 were much richerthanthe standard ‘
engineand cylinders1 and 2 and 10to 18 were leanerthan the
standardengine;cylinders13 to 18were the leanest,operatingat
fuel-airratiosrangingfrom 0.066to 0.072. The spreadwas 0.040
for the NACA impinging-jetsnozzlebar aa oomparedwith 0.024for
the stahdardengine. No datawere takenat 1400brakehorsepower
with standardnozzle-barinjectionbecauseof the limitedsupply
of safetyfuel. .

For’1600brakehorsepower(fig.6(0)),the NACA injection
impellerwith safetyfuel resultedina slightimprovementin
distributionoverthat of the standardengine. Cylinders3 to 7
were richerthan in the standardengineand cylinders11 to 18
were elightlyleaner. The injectionimpellerreducedthe spread
to,O.018from 0.021for the standardengine. The standardnozzle
bar produceda very poor distributionpattern;cylinders5, 6,
and 7 were excessivelyrich,operattngat fue~-airratiosaveraging
0.113. Cylinders1, 2> 3, and 20 to 18 were’much leanerthan the
standardengine;cylinders12, 13, and 14 were leanest,operating
at fuel-airratiosof about 0.069. The spreadwas 0.052as com-
paredwith 0,021for the standardengine. Use of the NACA
impinging-jetsnozzlebar resultedin oylinders3 to 7 operating
considerablyricherthan the standardeqgine;whereascylinders 1
and 12 to 18 were much leaner. Cylinders13, 14, and 17 were
operatingat fuel-airratiosof about0.068. The spreadfor the
NACA impinging-jetsnozzlebar was 0.037.

At 1800brakehorsepower(fig.6(?)),the distributionpat-
ternsfor the NACA in~ectionimpeller and the standard engine were
similarexceptfor cylitiers8 to 3,2,which oyeratedat a fuel-air
ratio0.007to 0.012leanerwhen usingthe NACA injectionimpeller.

,.
,,
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Use of the in~ection3mpellerand safetyfue+resultedin a epread
of 0.016as comparedwith 0.023for standardinjeotionof gasoline.
Ho patternsare shownfor eitherthe NAOA impinging-jetsnozzlebar
or the standardnozzlebar at this powerbecause1800brakehorse-
powerwas unobtainablewith eitherof thesemethods. The failureto
producethisTowerwas probablycausedby excessiveamountsof incom-
pletelyvaporizedfuelresultingin a nonuniform mixturewithin.the
cylinder. In addition,therewas a nonuniformmixturedistribution
amongthe individualcylinders,makingsomecylindersexceedingly
rich.

In general, for each powerthe mixture-distributionpatterns
producedby the I?ACAinJectionimpel.lerwith”safetyfuelwere bet-
ter than thoseresultingfrom use of the”standardnozzlebar with
gasoline. The NACA impinging-detsnozzlebar”andthe standard
nozzlebar produoedmixture-distributionpatternswith safetyfuel
that resultedin much greater spreadsthan thoseproducedby the
standardengine. The spreadsin fuel-airratiotendedb increase
with an increasein powerfor eaohmethodof injectingsafetyfuel.
Use “ofthe NACA injectionimpellerresultedin the smallest increase
in spread,froma valueof 0.Q13 at 1200 and 1400brakehorsepower
to 0.018at 1600brakehorsepower.The spreadfor the standard
nozzlebar was a minimumof 0.021at MOO brakehorsepowerand a
maximumof 0.052at 1600brakehorsepower.The NACA impinging-jets
‘nozzlebar exhibiteda minimumspreadof 0.026at 1200”brakehorse-
power and a maximumof 0,040 at 1400 brakehorsepower.The mixture-
distrlbutionpatternswith theNACA impinging-jetsnozzlebar and..
the standardnozzlebar were nearlyreversedfrom thoseproduced
by the standardengine,inastichas the rightsideof the engine
was usuallymuch richera@ the left sidewas much leanerthan

,, the averagefuel-airratio. ‘
,.

!!emperaturedistribution.- Temperature-distributionpatterns
for the rear spark-pluggasl@ and exhaust-valveseatare presented
in figures7 and 8, respectively,for each ofthe four standard
powers. The generaltrendsof’the temperaturepatternssubstantiate
tle trendsof the mixture-distributionpatternswith the leanest
Gylindersoperatinghottestand the riohestcylindersoperating
coolest.

For therear-spark-plug-gaskettemperature,the best agreement
betweencylinderfuel-airratioand temperaturewas obtainedabove
1200brakehorsepower.For the higherpowersQ1 cylindersusually
operatedabovethe fuel-airratiothat producedmaximumaylhder
temperatures(approximately0.068). At 1200brakehorsewwer,
however, many cylinderswere richeror leanerthanthe fuel-air
ratiothat resultedin the maximumcylindertemperatureand con-
sequentlya relativelylargechangein fuel-airratiomay not have

.

●

.

.

.
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greqtlychangedthe cylindertemperatures.Reference6 showsthat
variationsof+20° F may existketweeriactualand calcula+.edcylin-
der’temperaturesevenwhen the effectsof ptiwer,fuel-airratio,
oooling-airflw, cooling-airtemperature,and combustion-air
temperatureare accountedfor. Otherchangesin temperaturethat
capnotbe attributedto changesin the fuel-airratiomay be caused
by unaccountable.variables.

The temperaturespreadsfor the rear spark-pluggasketfollowed
the sam6trendsas for the fuel-airratiowith the spreadgenerally
increasingwith increasesin enginepowerand with the combination
of sqfetyfuel and NACA ,@jectionimpellerproducingthe smallest
spread(fig.7). At 1200brakehorsepowerfor the standardnozzle
bar and the NACA impinging-jetsnozzlebar, relativelysmalltemp-
erature spreads(fig.7(a))resultedfrom largefuel-airratio
spreads(fig.6(a)}. This smalltemperaturespreadwas causedby
the shiftingof the mixture-distributionpatternfrom that obtained
with the standardengtne’,as shownin figure6(a).

The efiaust-+alve-seattemperatures(fig.8) followthe same
trendsas the rear-spark-plug-gaskettemperatures (fig.7). Because
in the front-rowcylindersthe exhaustport is locatedat the front
of the cylindersand in the rear-rowcylindersthe exhaustport is
at the rear of the cylinder,largetemperaturedifferencesexist
amongthe exhaust-valveseatsfor each row. For thisreason,a
betterevaluationof the temperaturedistributioncanbe made by
comparingcylinderswithineachrow. Low temperaturespreadswere
also producedat 1200-brakehorsepowerfor the I?ACAimpinging-jets
nozzlebar and the standardnozzlebar althoughthe mixturedistribu-
tionwas ratherpoor.

~%houghno data are presented,it was observedthatwith
satisfactorymixturedistributionapproximatelythe same cocllng-
air pressuredropwas requiredto maintaina givencylindertem-
peraturefor both gasolineand safetyfuel.

Effectof AverageFuel-AirRatio on MixtureDistribution

The effectof the averagefuel-airratio on the mixturedis-,
tributionat 1200br~e horsepowerfor the standardenginewith
gaeolineand for the threemethodsof injectingsafetyfuel are
shownin figure9. A changein the averagefuel-alrratiofrom
0.063to 0.084for the etandardenginehad littleeffecton the
shapeof the mixture-distributionpattern,which remainedessen-
tiallythe samethroughoutthe range of fuel-airratios. The
spreadtendedto increaseslightlywith an increasein the average
f’uel-airratio, the spreadbeing0.016,0.017,and 0.022at
averagefuel-airratiosof 0.063,0.071,and 0,084,respectively.
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Use of safetyfueland the NAOA injeotionimpellerresultedin
goodmixturedistributionthroughoutthe rangeof averagefuel-air
ratiosinvestigated.The patterndid not changeappreciablywith
ohangesin the averagefuel-airratio. For eaohfuel-airratio,
oylinder18 was leanestand oylinders7 and 13 the richest. The
ohangein fiel-air-ratiospreadwith changes in averagefuel-air
ratiowaa alight. The spreadswere 0.014,0.013,and0.017at average
fuel-airratiosof 0.062,0,071,and 0,082,respectively.

lbr the standardnozzlebar and eafetyfuel,the mixturedis-
trlbutionwas very poor at an averagefuel-airratioof 0.068 and
becameincreasinglyworsewith enrichmentof the averagefuel-air
ratio* ‘l?hroughoutthe range,uylinder4 was leanest. The richest
portionof the engineshiftedfrom cylinder9 at,anaveragefuel-
air ratioof 0.068to cylinder17 at averagefuel-airratiosof
0.078and 0,084. The deviationof cylinder17,fromthe aver-e
fqel-airratioconsiderablyincreasedwith fnoreasesin the ave~e
fuel-a$rratio. The rapidenrichmentof cylinder17 contributed
greatlyto the largefuel-air-ratiosprea@.sof 0.021}0.035,ana
0.047at averagefuel-airratiosof 0.06,8Z0.078,and 0.084,
respectively.

Changesin the averagefuel-airrattoof the e“~inedid not
resultin any significantchangesin the fuel-air-r’atiopattern
producedby the NACA impinging-jetsnozzlebar and safetyfuel.
The leanestcylinderswere 13 and 14 and cylinder7 was richest
throughoutthe rangeof averagefuel-airratios. The spread
Inoreasedwith an increaseh fuel-airratio,the valuesbeing
0.026and 0.035at averagefuel-airratiosof 0.071and 0.078,
respectively.

For both the standardnozzlebar and the NAC?Aimpinging-~e%s
nozzle bar the lowerlimitof the averagefuel-airratiowas
restrictedto a valueof about0.068becauseunstableengine
operationresultedfrom the poormixturedistributionbelowthis
value. The increasein the fuel-airratiospreadwith an increase
in the averagefuel-airratioapparentlyresultedfmm lesscom-
pletefuel vaporizationat high fuel flows,wherethe irregulari-
ties of distributioncause?by the oonoentrationof fueldroplets
were increased.

The resultsindicatedthat variationsin the mixturedistri-
butionof safetyfuelresultingfrom changesin the averagefuel-
air ratiowere insignificantwhen the NACA injectionimpellerwas
uses. Use of thd NACA injectionimpellerand safetyfuelresulted
in slightlyless changein spreadthan aid the standardnozzle-bar



●

NACA ltliHO. 1413 13

,.
. injectionof gasoline.“. For all methodsof injectingsafetyfuel

,.”. and for.the.standardmethodof in~ectinggasoline,the fuel-air-
rqtio spread
increased.

,,

.’

tendedto increaseas the averagefuel-airratio .

Effectof Combustion-AirTemperature

on MixtureDistribution
.. ----

The effectof combustion-airtemperatureon the mixturedistr~-
butionat 1200brakehorse~owerfor standardgasolineinjectionand
threemethodsof safety-fuelinjectionare shownin figure10. The
mixturedistributionof the standardenginefor combustion-airteTs-
yeraturesof 65°, 100°,and 126°F are shownin figure10(8). The
generalshapeof the patterndid not changegreatlywith a change
@ the combustion-airtemperaturebut the spreadincreasedfrom
0.026@ 65° F to 0.021at 126°E!. Usuallyan increasein
combustion-airtemperaturewouldbe expectedto reducethe fuel-
.air-ratiospreadbecauseof the greatervapxization of the fuel
yesultingfrom the higherair temperatures.The fuel-air-ratio
spreadmay have increased.with an increasein the combustion-air
temperaturebecauseof the largerthrottleopeningrequiredwhen
operatingat the higherati temperatures~The effectsof throttle
setting,when usinghighlyvoktile gasoline,apparentlyinfluence
the mixturedistributionto a greaterextentthan does combustion-
air temperature,

When safetyfuelwas injectedby the NACA injectionimpeller,
the distributionpatternchanged.slightlywith changesin combustion-
air temperature(fig.10(b)). At 670 F the righthalf of the engine
was somewhatleanerthan the lefthalf but as the combust~on-air
temperatureincreasedthis differencedeoreaseiluntilat a tempera-
ture of 127°F therewas no tiefiniterich or leanportionof the
en@ne. The fuel-air-ratiospreaddecreasetiwith an increasein
combustion-airtemperature,the spreadbeing 0.021,0.013,and
0.012at temperaturesof 67°, 100°,and 127°F, respectively.

For standardnozzle-barinjectionof safetyfuel,the mixture-
distributionpatternchangedconsiderablywith changesin the
combustion-airtemperature.At a temperatuzwof 760 F, cylin-
ders 1, 7, 8, 9, and 17 were about0,010richerand cylinders4, 5,
and 12 through16 were about0.010leanerthan the averagefuel-
air ratiofor this run. At a combustion-airtemperatureof 100°F,
the patternwas similarto that for 760 F but the deviationof the
richestand the leanestcylindersfrom the averagefuel-airratio
was less. For a combustion-airtemperatureof 1.390F the pattern
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had leveledoff considerably.
amongcylinderswas muoh less
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The variationof the fuel-airratio
than it was at lewercombustion-air

temperatures.The fuel-airratio spreadwas 0.027, 0.021$ and 00014
for combustion-air temperatures of 76°, 300°,and 139° F, respectively.

The combustion-airtemperaturehad a markedeffecton mixture
iiistributbnwhen safetyfuelwasIinJectedby the NAOA i.mpinging-
Jetsnozzlebar as shownin figure10(d). At a combustion-air
temperatm of 770 II gyl~r 7 was comparatively richwhereas
Cylinders14, 16, and 17 were extremely lean. As the corubustion-
air temperaturewas inoreasedto 10@ F, the deviationof the rich
and the Lean oylindersfrom the averagefuel-airratiowas less
but the distributionwas stillpoor, At a wmbustion-air *temper-
atureof 1350 F, the distributionwas improved considerablywith most
cylindersoperatingat fuel-airratiosvery dose to the averagefuel-
air ratio. Cylinders13 and 14 were operatingrelatively~ano me
fuel-alr-ratiospraaddecreaseiias the combustion-airtemperature
increased;the valuesof the spreadwere 0.037,0.026,and 0.016at
temperaturesof 77°,100°,and 3.3!5°F, respectively.For both
standardnozzle-barand NACA impinging-$etsnozzle-barinjeotion
of safetyfuel,the lowestcombustion-airtemperatureat whichthe
enginewould operatesatisfactorilywas about750 F. Belowthis
temperature,the mixturedistributionapparentlybeoameso poor
that unsteadyengineoperation resulted,

Eaoh method of safety-fuelinjectionshowedan improvementin
mixturedistributionas the.co”mbustion-airtemperatureincreased.
This improvementapparentlyresultedfrommore completevaporization
of the fuelat the higheroombustiom-airtemperatures.Over the
rangeof combustion-airtemperaturesinvestigated,the bestmixture
distributionof safetyfuelwas obtainedwith the injectionimpeller.
The inJectionimpellerproduoedthe leastspreadin fuel-airratio
and the leastchangein spreadfor a givenchangein the combustion-
air temperature.At a combustion-airtemperatureof about660 F,
the fuel-airratiospreadfor the combinationof safetyfuel and
the NACA inJectlonimpellerproduceda spreadof about31 percent
greaterthan that for the standardmethodof in$eotimggasoline.
At the I@@e& temperatures,however,the inJectionimpellerand
eafetyfuel resultedin fuel-air-ratiospreadsthataveraged33 per-
cent lowerthan thoseof the standardengine. Althoughboth the
standardnozzlebar and the .NAC!Aimpinging-jetsnozzlebar produced
satisfactorydistributionof safetyfuel at combustion-airtempera-
turesof about137°F, e,otualoperationof the enginewith combustion-
air aboveapproximately1000F is usually undesirablebecausehigh
combustion-airtemperatureincreasesthe tendenoyfor the engineto
detonateand reducesthe weightof chargeair introduced~to the
engineat a given manifoldpressure.

.

.
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A summaryof the resultsof the investigationsat standard
yowersand with varyingaveragefuel-airratioand combustion-air
temperatureis presentedin tableI.

Althoughthe mixturedistributionobtainedwith the NACA
injeotionimpe3,1er and safety fuel was betterthan that obtained
with the standardengine,designmodificationsmight furtherimprove
the mixturedistribution.

Unavailabledata showthat designmodificationof the NACA
injectionimpeller,made primarilyto improvedispersionof the fuel
as it leftthe fuel-injectionpassages,did not improvethe per-
formanceof the enginewhen gasolinewas used. Thesemodifications
may offer improvement,however,with safetyfuel becausethe atom-
izationof sa~etyfuel to obtaina higherdegreeof vaporizationis
more importantthanwith gasoline.

General.~ine Performance
r.

The absolutemanifoldpressureand combustion-airflow required
for a givenenginepowerare shownfor the threemethodsof inJecting
safetyfuel and for the standardengineand gasolinein figure11.
Between1200and 1600brakehorsepower,the requiredabsolutemani-
fold pressureand combus~iop-airflow rangedfrom 1.5 to 6 percent
more for the threemethodsof safety-fuelinjectionthan for the
standardmethodof.injevthggasoline, ~ general,safety-fuel
injectionwith the NACA injeotionimpellerrequiredthe leastmani-
fold pressureand air,flowof the threemethodsof injection.As
the limitingpowerwas app~ached, the differencesin air flow and
manifoldpressurerequiredfor the safety-fuelinjectionmethods
and the standardenginebecamegreater. With the standardengine,
full rated power of 2000 brakehorsepwer at 2400 rpm and atmos-
phericdeck pressurewas obtained. With the NACA injectionimpeller
and safetyfue3.,1890brakehorsepowerwas obtainedunderthese
same conditionsand withthe standardnozzlebar and the NACA
tiPh@ng-je’bsnozzZebar, 1670ancl1790brakehorsepower,respec-
tively,were obtained. A portionof the power U@tationp robably
resultedfrom the poormixturedistributionat the higherpowers.
The nonuniformityof the mitiure’distributionmay also have
adverselyaffec~t the volumetricefficiencyof certaincylinders.
Be,oaus@the safetyfuel did not vaporizeas completelyas gasoline,
higher.cQmbus~ion-airtemperatw,esdownstreamof the carburetor
.’probablyresulted when safetyfuelwas USWI,thus decreasingthe
weightof chargeair introducedintothe cylindersat a g~ven
manifoldpressure.”. ‘.. . .
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The brakespecificfuel consumptionfor variousover-allfuel-
air ratiosat 1200brakehorsepoweria shownin figu&12 for the
threeroethodsof injectingsafetyfuel arfifor the standardengine.
The brake specificfuel consumptionfor eachmethodof safety-fuel,
injectionwas the samethroughoutthe rangeof fuel-airratios.
The standardenginefollowedthe samegeneralcurvebit averaged
abQut6 percentlowerthan the safety-fuelinJection.

Idling and Starting

Startingattemptsweremade with safetyfuel A for each
methodof fuel injectionand with safetyfuel B for onlythe NACA
in$ectionimpeller. Startingwas attemptedabout10 minutesafter
stoppingthe enginefollowinga normal crutsingpowerrun. The
rear-spark-@ug-gaskettemperatureswere approximately2000 F when
startingwas attempted. Startingwas also attemptedat temperatures
of 500 to 600 F afterthe enginehad been standingovernight.
Startingthe enginewas impossiblewith safetyfuel A underboth
startingconditionswith any of the threeinjectionmethodsbut
idlingas low as 800 rpm was satisfactorywith all threemethods.
When safetyfuel B was usedwith the NACA injectionimpeller,
the enginestartedsatisfactorilywhen warm but wouldnot start
when cold. Idlingwith this fuelwas also satisfactory.Refer-
ence 2 showsthatwhen a single-cylinderengineis primedwith
gasolineand then switchedto safetyfuel,satisfactorystarti~
is obtained. This samemethodmightbe satisfactoryfor a multi-
cylinderengine. Reference2 alsoyresentsa methodof using
propanefor startinga multicylinderenginethat is to be run on
safetyfuel.

SUMMARYOF RESULTS

The ref3ultsof the inveetigationtodetezmineif safetyfuel
couldbe successfullyused in a double-row,radialaircraftengine
with a simplemeansof injectionin @ace of direct-cylinder
injectionare summarizedas follows:

1. Satisfactorymixturedistributionof safetyfuel resulted
when the NACA injectionimpellerwas employed. Throughoutthe range
of engine-powers,averagefuel-airratios,and combustion-airten-
yeratures,the NACA inJectionimpellerproducedbettermixture
distributionof safetyfuelthan did the standardmethodof in~ecting
gasoline. However,when eitherthe NAOA impinging-jets nozzle bar
or the standard nozzle bar was used for safety-fuel iz’q)ection, the

.

.’ ,
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mixturedistributionwas unsatisfactory.The mixturedistribution
obtainedwith safetyfuel injectedby the IVACAinjectionimpeller
was less affectedby changesin enginepuwer,averagefuel-air
ratio,and combustion-airtemperaturethan was that obtainedwith
the othermethodsof injection.

2. The poor mixturedistributionthat resultedwhen safetyfuel
was injectedby the NACA impinging-jetsqozzlebar or the standard
nozzlebar considerablyreducedthe maximumpoweroutputof the
engine. It also restrictedthe lower.limitsof the averagefuel-
air ratioand the combustion-airtemperatureat which the engfne
would operatesteadtly.

..-.,_
3. Between1200 and 1600brakehorsepowerthe requiredabsolute

manifoldpressureand comhustton-air.flowrangedfrom 1.5 to 6.0 per-
centmore for the threemethodsof safety-fuelinjectionthan for
the standardmethodof hjectlng gasoline. Safety-fuel injection
with the NACA injectiontmpellerrequiredthe leastmanifoldpres-
sureand air flaw of the threemethodsof injeotion.

4. The brake specifiofuel consumptionat 1200brakehorse-
powerfor all methodsof safety-fuelinjectionwas about6 percent
higherthanfor standardinjectionof gasoline.

5. Idlingcharacteristicsof the enginewhen using safetyfuel
were satisfactorybut startingwith the engineeitherwarm or cold
lrasimpossiblewhen safetyfuel A (flashpoint,122°F) was used.
Startingwas accomplished,however,using safetyfuel B (flash
point,99° F) when the engine was warm.

FlightPropulsionResearchLaboratory,
NationalAdvisoryCcmmitteefor Aeronautics,

Cleveland,Ohio,June 9, 1947.
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